New developments in the thin film solar market continue the trend towards solar modules with higher energy conversion while at the same time, reducing significantly manufacturing costs. Especially thin film technologies based on Cadmiumtellurid (CdTe) or Cu(In,Ga)(S,Se) 2 (CIGS) seem to be suited to improve the energy conversion and hence, take over larger market shares. With this work, we present our latest achievements towards a CIGS all laser scribing process with the emphasis on structuring the absorber layer and its implications to the production. While P1 laser scribing through the substrate is already implemented in production today a variety of different approaches, like lift-off, ablation, or remelting are possible for the P2 process where commonly a mechanical process is state of the art. One challenge which the P2 and P3 processes face is the layer side processing. Therefore a thorough investigation has been conducted including different laser wavelengths (355 nm to 1550 nm), pulse durations (10 ps to 100 ns), and beam shaping to find the best possible solution for each scribing process. Optimization took place utilizing not only resistance measurement and optical microscopy but also LSM, REM, EDX, EL, and Lock-In Thermography. Combining the best results of each scribing process and using a high speed, high accuracy motion system a functional lab size module has been produced with a reduced dead zone of below 200 µm. In an outlook, a way is presented on how to take the lab results into a productive system and place it in a manufacturing environment.
INTRODUCTION
The dominant share holder in today's photo voltaic (PV) market is by far the crystalline silicon wafer technology with nearly 86 % installed modules. Within the remaining 14 % market share belonging to thin film photo voltaic (TFPV) the largest portion falls to Cadmium Telluride (CdTe), about 8 %, followed by the silicon manufacturers fraction (a-Si, µ-Si) and an increasing CIGS portion.
1 For the Year 2014 Sarasin 2 estimated a forecast of 40 % CdTe, 35 % CIGS, and 25 % Si share in the thin film market. While the thin film silicon is on a drawback due to a low overall efficiency (around 12 %) that cannot be equalized by low manufacturing costs the CIGS technology is building up its reputation.
Building a thin film photo voltaic module involves step by step processing of adding thin layers mostly in either chemical vapor deposition (CVD) or physical vapor deposition (PVD). In general the layers build up a layer stack consisting of a back electrode, an absorption layer, and a front contact. At least one of the contact layers has to be transparent to allow the sunlight to reach the absorber layer. Without any structuring of the layers the full size of the module would represent one single solar cell with a typical size of 600 mm by 1200 mm. The performance of a solar cell of this size would suffer through high ohmic losses caused by low voltage and high current. Separating the single cell into a multitude of cells is reducing the ohmic losses by raising the voltage and reducing the current but introduces new losses through inactive areas. If a fine balance is found between the number of cell separation, the ohmic losses, and performance of the layer structure a high efficient solar module can be built. The goal is to separate the cells efficiently without reducing the active area more than absolutely necessary. To achieve the cell separation and create monolithic interconnection, the first layer, molybdenum, needs to be separated to create an electrical isolating area (P1). After applying the second coating * a conducting path has to be opened in this coating to allow the current passing through from the front to the back side with a minimum of ohmic losses (P2). The interconnection is finalized with a third isolation scribe after the third coating (P3) scribe, usually some kind of transparent conductive oxide (TCO) like ZnO or SnO 2 .
In Fig. 1 an electrical schematic of a single cell is shown. Windows that have been created are filled with the coating material of the following coating process. Therefore the gap that is produced by P1 patterning is filled with absorber material building the first parasitic current flow, depicted as a parallel resistor. The main current follows the way through the TCO material (front contact) and passing through to the back contact. The serial resistance is combining the connection resistance between front and back contact and the resistivity of the contact materials. The second parallel resistor is creating a shunt between the front and the back contact. Naturally the serial resistance in a perfect cell would be zero while the parallel resistances should be infinite.
In manufacturing the majority of the Cu(In,Ga)(S,Se) 2 (CIGS) solar modules today are structured by needles scraping the material off from the underlying substrate or layer. This patterning technology is industry proven and fairly easy to setup. However, there are also drawbacks that are limiting the prospective usage of this technology. For once the mechanical scribing is subject to wear and tear. This causes system downtime for replacement and adjustment of the needles. In addition, the precision one can reach with such a system is limited due to fairly wide grooves with uncontrolled breakouts depending on the ductility of the material and the adhesion to the underlying layer. Due to the breakouts, the adjacent scribes have to be placed further away from each other to avoid overlapping of the scribes. This leads to dead zones (DZ) as wide as 500 µm and hence, to a reduction of the modules active area. Comparing this mechanical scribing technology with already available industrial processes of laser patterning applied for CdTe and a-or µ-Si based systems suggests that significant improvements are possible in the CIGS technology. For Si modules today a DZ well below 200 µm is described in Frei et al. 3 and possible due to a reduced scribing line width and a fast, high precision motion system to facilitate the laser scribing process. In case of a CIGS panel such a system can reduce DZ from 500 µm to 200 µm, and a gain in active area can be achieved of more than 5 %. But not only the increase of active area is the driving motivation for the application of an all laser patterning solution, but also a new generation of ultra short pulse lasers in the pico-(ps) and femto-second (fs) time domain are now available to the market. They help to enhance the scribing process without a big impact on the price tag of such a system.
Irradiation
Glass -Substrate 2. EXPERIMENTAL
Sample Material and Laser Sources
All sample material in this study has been produced on a 50 x 50 x 1 mm 3 float glass substrates at the Laboratory for Thin Films and Photovoltaics, EMPA, Dübendorf, Switzerland. Molybdenum was grown by DC sputtering onto the glass substrate as electrical back contact. The Cu(In,Ga)Se 2 absorber material was deposited by coevaporation of the elements in a modified 3-stage process followed by a thin CdS buffer layer grown by chemical bath deposition and an i-ZnO/ZnO:Al bi-layer grown by RF sputtering.
4 See also Fig. 2 , the very thin intrinsic ZnO layer is not depicted here. For all lasers utilized in this research the basic system requirements are set to:
• The beam quality M 2 < 1.5, see also Equation 1. Taking into account the beam divergence (half)angle (θ), the wave length (λ), and the beam diameter (ω 0 ).
• A near Gaussian beam profile
• Sufficient pulse energy depending on pulse length (τ ) and wavelength as reported in literature
The full spectrum of laser sources is given in Table 1 . it Independent of the delivered wavelength or pulse length the lasers are separated into two groups by the way the beam is delivered. Up to 30 ps all laser sources are open or free beam delivered, above that pulse length the beam is fiber delivered. This might not be an important factor for lab trials in tightly controlled environments, but it is a point when it comes to integration, set-up time, and reliability of the overall process stability.
P1 Scribing
Molybdenum is used in the CIGS PV cell production as the electrical back contact layer for extraction of charge carriers from the CIGS absorber. The material has the 6 th highest melting point (2896 K) of all elements and a boiling point of 4912 K which results in a high value for the heat of vaporization value at 598 kJmol −1 (compared to Iron at 340 kJmol −1 ). The usage of Mo in CIGS devices is based on the one side as a partial barrier function against the contents in the substrate like Na 8, 9 and on the other side to build a supporting morphology for the subsequent layers.
10 First, the differences between a front side and a backside patterning were studied. Front side (or also film side) patterning is defined when a laser beam is reaching first the thin film, Mo, before the underlying substrate is reached. Accordingly, the laser beam reaches the substrate before the thin film layer in the backside process. As expected, the backside process proved to be the preferable option because of a couple of reasons. The major effect is the way the energy is introduced into the material. The interface layer between the glass substrate and the Mo is encapsulating the laser beam energy. This leads to a more effective process that demands less pulse energy for producing a cleaner ablation process, in some cases differences with a factor of 10 where found between the necessary power settings. The front side process suffers from losses through heat radiation, heat conduction, and beam reflection. A higher energy input into the material causes more melting in the edges of the Mo and tends to inflict more damage in the underlying substrate. Taking the above into account the following P1 processes where all carried out with a backside process set-up.
P1 scribing with ps laser source
Within the picoseconds pulse width range laser sources with the wavelengths of 355 nm, 532 nm, and 1064 nm were available. In the ns range, a more limited selection was available as shown in the overview in Table 1 . The experiments with the 355 nm UV-laser were only partially successful. The scribing process turned out to be very sensitive and quickly resulting in damaging the substrate together with ablating the Mo layer. However, a working parameter set was found but will not be presented here in full depth since other processes with larger process windows where found.
At the green wavelength of 532 nm the process window proved to be wide enough for an industrial application approach. The results, as depicted in Figure 4 , consist of a clean removal of the Mo layer with sharp clean edges. No damages in the underlying substrate or cracks in the layer were found. Good parameter sets could be For the trials at the 1064 nm wavelength the same general conclusion can be drawn. Working parameter for all three ps pulse lengths were found including the appearance of the melting droplets mostly centered in the middle of the laser spots, see also Figure 5 . The melting droplets could be the result of the laser tweezers effect and are not further investigated in this work. However, the absorption of 532 nm in Mo is slightly better than the absorption of the 1064 nm wavelength. Therefore the process with green lasers is more efficient. 
P1 scribing with ns laser source
The available ns lasers range extends from 1.5 ns pulse length at 532 nm up to 200 ns in the near infrared spectrum. It is to expect that a longer pulse length is accompanied by a higher energy input and therefore more thermal impact and melting will take place. The process validation shows that this is not the complete truth. In any case, the coating technology process has also a large influence on the feasibility of the scribing process. Even if the Mo layer has the same thickness other parameters such as the layer density and residual stress can result in completely different scribing quality. Figure 6 shows on the left side the best achievable result of a P1 scribe on the original material, as described in Sec. 2.1. The scribe lacks in uniformity and shows molten Mo droplets all along the edges and the scribing area. However, by far the most severe problem is the flaking where pieces of Mo are bent perpendicular to the surface. Those flakes can cause an electrical shorting between the front and the back contact. Not only is this detrimental for the efficiency of the cell but also such shunts can create hot-spots that damage the module and render the whole module useless. Contrary to the above example, a different result altogether was observed with a Mo layer from a different supplier utilizing exactly the same set-up and laser as before. On the right side in Figure 6 a nice uniform scribe with a high isolation value was achieved. A shallow melted edge with some burr exists but does not harm the overall performance of a module.
In conclusion, the P1 process on Mo is possible with laser scribing and today already used in production. The decision if a ps-or ns-laser source will be necessary is dependent on the coating technology. One of the important influences while scribing Mo is the Oxygen content that is bound to the metal during the coating. Since the cost of the laser source has an impact on the overall system costs a case by case decision has to be made to find the best suitable laser source for the process in question.
P2 Scribing
Contrary to the isolation function of the P1 scribe, the second laser scribing process P2 is required to enable a reliable, low resistance contact between the front and the back contact. It connects the back contact, molybdenum, to the front contact of the cell, usually a transparent conductive oxide (TCO). A common opinion regarding P2 process says, that if someone can scribe a good P3 scribe it is no issue to establish also a good P2 process. This is just half of the truth since the aim of P2 and P3 is diametrically opposed. While P3 targets a high isolation the goal of P2 is to establish a low resistance connection to reduce the modules overall serial resistance Rs. According to literature, 11, 12 this can happen by two different approaches. Either the CIGS layer is removed to open the Mo surface for a free conductive contact with the following TCO coating. Alternatively, the CIGS layer is locally re-melted to change its morphology (building a Se-poor, Cu-rich area) and transforming the CIGS from a semiconductor to a conductor. 11 In the following four different approaches are discussed. All results shown here are carried out on Se based absorber material, the influence of sulfur is not investigated here.
CIGS Layer Ablation
Laser ablating the CIGS material pulse by pulse can be considered the most direct and common approach of P2 laser machining. This method is what comes closest to the mechanical scribing with a needle creating results as shown in Fig. 7 . Typically, the needle leaves an unevenly chipped edge in the CIGS layer and a scratch marking on the molybdenum. The advantage is the cold processing of the material omitting the melting of the molybdenum or CIGS compound.
A good P2 scribe removes the CIGS completely from the Mo-layer without damaging it. This is important as it facilitates good adhesion of the TCO layer which results in a mechanically stable, low resistance electrical contact. The CIGS absorber is a particularly difficult material for laser ablation. One reason is the rapid melting of CIGS, and as a consequence there is no such thing as "cold ablation" in the pulse length range above 10 ps. Even 10 ps pulses always produce melt and once the material is molten, it is not easy to remove it from the trench bottom. Therefore, the question rises if it is unfavorable to have re-molten material in these areas. According to P. O. Westin 11 the solidified CIGS material is conductive in nature if ablated with ns laser pulses. The whole cause for the P2 process is to build a conductive bridge between the front and back contact. Hence, re-melted material as well as the open Mo trench can be used as a conductor. Furthermore, in 2.3.4 it is investigated what happens if the Mo is not revealed at all. During process development a set of rules are defined to build the quality criteria:
• Mo back-contact integrity (fully exposed, clean, no cracks, no lifting)
• relation between width of the exposed Mo-film and width of the molten CIGS zone
• height and profile of the burr (small is better than large, smooth is better than sharp-edged)
• cracks and bubbles in the molten CIGS (as little cracks/bubbles as possible)
In nearly all ablation processes, the removed material is going, at least partially, through all three states of aggregation. Only in rare occurrences, the material can be instantaneously and completely sublimated. This is also true for ps and fs laser processes, where the amount of melted material should be reduced significantly by the use of short or ultra-short laser pulses. In addition, the selectivity of the laser process in relevance to the coating layers can be tuned by choosing a suitable wavelength (λ). Ablating material with ps laser sources is very often a multiple pulse process due to the limited pulse energy the laser sources are able to deliver. The pulse-to-pulse overlap has to be significantly higher to remove all material down to the intended depth. It became obvious that the P2 process window is considerably smaller than in the case of the P1 scribe. An example of this process is presented in Fig 8. Contrary to the published 13 results, we were not able to produce a nice, clean trench with a small heat affected zone (HAZ). The layer thickness of ∼2 µm and the material behavior under the influence of the laser beam created large amounts of melted material in every approach undertaken. Even the shortest pulse length with 200 fs, at 532 nm with direct absorption in the CIGS, created a significant amount of re-melted material around the scribe. Cold ablation in CIGS is not possible at 532 nm with this type of P2 processing and produces wedged borders. While this trench profile facilitates a regular conformal coating with the TCO film it certainly consumes a bit more space than a sharp edge would. The large zone of re-melted CIGS is mainly a result of the Gaussian intensity distribution in the focal spot. As shown in Raciukaitis et al.
14 the shaping of the Gaussian beam into a top hat profile (in the focal plane) by a diffractive element could significantly reduce the extension of the zone of re-molten CIGS while maintaining the main characteristics of the scribe.
In some cases, a periodical structure appears on the Mo surface as shown in Fig. 8 on the right side. This self-organizing pattern is not explained fully as of now, but it might be related to the appearance of a similar structure discussed in M. Gedvilas et al. 15 Another reason might be the MoSe 2 layer that exists in between the Mo and the CIGS as described in M. Rekow et al. 16 Developing an ablation process with ns laser pulses did not lead to reliable results. This long pulse duration at a wavelength of 532 nm is depositing too much heat in the affected area and causes melting, cracks and destruction in the underlying Mo layer. As shown above, shorter pulse lengths promise a more distinguished process. Overall, the CIGS ablation process is, despite the amount of melted material, a valid way to connect the back to the front contact of a thin film solar module. Due to the high overlap, which a good ps ablation process requires, the laser source needs to operate at high repetition rates if acceptable production speed needs to be achieved.
Lift-Off Process
Laser material processing is divided in a variety of sub processes as there is cutting, welding, and drilling to name just a view. As described above an ablation process starts usually from the laser incident surface working its way into the material. A lift-off process follows a different sequence of events described below.
1. The laser beam is penetrating through a layer of material, which is pervious to a specific radiation wavelength or spectrum. In this case the CIGS layer is transparent for laser wavelengths in the near infrared spectrum (NIR).
2. At the interface between two layers, the laser energy is absorbed, deposited, and thus creates mechanical stress in the layers. This can happen by thermal expansion of the material and/or building up vapor pressure by sublimated material of one of the involved layers. During the CIGS lift-off process the CIGS/Mo builds the interface layer with Mo as absorbing partner.
3. The stress level rises until one of the materials is reaching its tension strength and breaks away. Since the Mo layer is supported by the underlying glass substrate, the CIGS material will be the weaker partner abandoning the compound.
In Fig. 9 , the buildup of a lift-off process is depicted in dependence of the laser pulse energy. In this case, a ns laser has been used. If we assume that the majority of the laser energy is absorbed within the first few nanometers of the Mo layer, that layer is rapidly heated and evaporated. Pressure from the evaporating material and thermal stress in the CIGS layer cause this layer to bulk up as can be seen in Fig. 9 left. Further increase in energy will remove the CIGS completely leaving a free Mo surface (Fig. 9 middle and right) .
Imaginably it is sufficient to write a P2 pattern as a dotted line which is implemented in some cases in the Si thin film industry. Even further improvements in the reduction of the DZ are possible as described in S. Haas.
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Taking into account the current that will flow the dotted lines should meet the expectations for a low resistance P2 scribe. However, state of the art is a continuous trench connecting the layers. Due to the lift-off mechanics, this is difficult to establish. As soon as an overlap between the single spots is established, the necessary stress level cannot be reached for the second and subsequently following spots to remove each time a full disk of the CIGS layer. Figure 9 . CIGS lift-off process influenced by increasing pulse energy from left to right. With sufficient pulse energy the result is a clean, brittle broken edge without melting zone.
In conclusion, the lift-off process generated another way to establish a low resistance bridge between the back and the front contact. A laser source integrated into such a process could also run on a significantly lower pulse repetition frequency. This is the case if a dotted line does meet the production requirements.
Local Cu-rich zone
When exposed to heat the I-III-VI 2 semiconductor material (CIGS) is building Cu-rich and Se-poor phases. To start this process the temperature of the material has to be raised above a threshold temperature and kept there for a certain length of time. Since this should be done only locally, precisely where the P2 scribe has to be established, the laser can play out its strength to the fullest. On the left in Fig. 10 the result with a ns laser at a wavelength of 532 nm can be seen. The transformed area has the appearance of a pulsed welding bead. Single laser pulses, each creating its own melt pool, can be distinguished. The seam shows also a slight undercut, which indicates that either some of the material must have been evaporated or the density inside the seam is higher, compared to the surrounding area. Subsequent to the processing, the established lines are measured for resistance. Surprisingly the above result on the left did not show good resistance values. Further increasing the overlap lead to the result depicted on the right in Fig. 10 . The re-melted area does not have the distinguished ripples on the surface anymore but comes also with an undercut. Compared to conventional laser welding the appearance here is closer to a cw (continuous wave) welding bead. Resistance measurements in this case show a promising low value. It appears that the pulse length of a ns system is not enough exposure time for the CIGS to transform into a conduction phase. With a higher overlap, the process is simulating a longer pulse length through accumulated heat, which is keeping the temperature at a certain spot long enough above the melting point.
Besides providing another possible process for P2, the remelting scheme of the CIGS can also serve to prevent another negative effect. It is reported that sodium-ions (Na) from the glass substrate have a detrimental effect on the TCO growth and long term stability. 18 The sodium diffuses from the glass into the Mo and causes defects in the front TCO contact. This is also supported by experience during the lab work. To reduce unwanted diffusion of Na into the TCO an re-melted layer of CIGS between the glass and the TCO can be helpful on the long term. Given the results, it can be concluded, that the remelting of CIGS to build a local conductive Cu-rich zone, is a valid way to process a P2 pattern.
Back to Front through contact
Can the local transformation of the CIGS layer into a conductive compound also be placed at the end of the frontend production? Remelting the layer between the Mo and the front contact TCO could improve the production flow significantly.
• No laser processing between the deposition of the CIGS and the TCO can improve the layers structural integrity. The CIGS would not need to be exposed to the atmosphere for a long time risking degradation by moisture and oxygen.
• The P3 and the P2 process can be done in one stage at the end of front line production right, before the backend processes. This reduces cost by saving time in handling and lower investment amortization cost.
As seen above, the transforming process is compared to a weld seam. In this process that is exactly what happens. The layer stack, consisting now from top to bottom of TCO, CIGS, Mo and the substrate, is melted down to contact the TCO directly to the Mo by creating a via contact within the CIGS. The process which has been tested with good resistance results is shown in Fig. 11 . Utilizing a ns laser a fairly regular remelted zone is induced and shows only a small waviness on the surface. The contact is established through the edge of the melted zone contacting the TCO and the Mo underneath it. To establish such a process a long ns laser has to be brought into action. Otherwise, the CIGS does not get enough exposure time to build up the conductive phase. In conclusion the through contact can work for a P2 CIGS process. However, at this stage, there are no information about module performance and long term stability of this process.
P3 Scribing
Zinc oxide (ZnO) is a well-known material within the thin film solar cell manufacturing. Depending on the doping concentration (mostly aluminum) and the layer thickness, the sheet resistance can be adjusted. While keeping a good conductivity the layer is also transparent for a broad spectrum of the sunlight transmitted to the
absorber layer. Therefore, the material has a high transmission from the visible to the near infrared (NIR) range. Direct ablation has been reported using picosecond laser sources at 266 nm and 355 nm 5, 19 or using a fs laser system. 20 Both strategies could work for our samples but the laser sources used have one common drawback: the light cannot be transported efficiently in an optical fiber.
Our experiments at 355 nm have shown that attacking the TCO layer directly often produces residues of molten ZnO:Al which remains in the trench or Al ions diffusing into the CIGS. Additionally, there is still 38 percent of the total pulse energy transmitted to the CIGS at 355 nm which causes non-acceptable melt.
In classical P3 processes, e. g. µ-Si and also the needle scraping in CIGS technology, the TCO coating is removed together with the absorber layer. This is due to the fairly broad transmission spectrum of this particular absorber layer, which makes it difficult to find a laser wavelength that is selective enough. And in addition to the fact that, if the absorption layer bridges the isolation scribe it could influence the insulation resistance negatively. For CIGS the process can go two ways since CIGS, as an absorber, has a high enough sheet resistance and does not affect the cell separation negatively. The first approach would be the removal of TCO and CIGS together (Fig. 12 left) while the second approach is to remove only the TCO selectively (Fig. 12 right) . In either case, a selective laser process is required.
In both solutions the problem is the conductivity of the molten CIGS. Within the P2 process a conductive CIGS zone could be tolerated or is even desired. In an isolation scribe like P3 this will have a detrimental effect in the module performance. In Fig. 12 the two possibilities of shunts are depicted in red. Removing both layers (TCO and CIGS) can cause a shunt along the CIGS vertical wall bridging the TCO with the underlying Mo. If only the TCO layer is removed a horizontal bridging can occur connecting the TCO sides again.
To remove the CIGS and TCO coating and considering the stack build-up the laser will have to penetrate the TCO and the CdS, CIGS layers to allow a successful removal of both layers from the bottom-up. A trial with a 1064 nm laser at a pulse length of 10 ns is presenting interesting results for a lift-off process. The result is shown in Fig. 13 and further work will be necessary to apply the result into a full functional isolation scribe. So far, the process is becoming unstable when the spot-to-spot distance is becoming too small, see also Sec. 2.3.2. 
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The second approach, removing TCO only, can be achieved either with fs-, ns-, or ps-lasers. This process follows the same lift-off approach as the above described case. The significant difference is that the targeted interface is now between the CIGS and the TCO. A different laser wavelength of 532 nm is applied to realize the necessary absorption in the CIGS compound and avoiding unnecessary absorption in the TCO. The results are depicted in Fig. 14 for ns-laser pulses and in Fig. 15 for ps-laser pulses respectively. Figure 14 . TCO lift-off process result (here ZnO:Al) with 1.5 ns at 532 nm. On the left a pulse-by-pulse lift-off created a regular trench with clean boarders and some melting residue in the spot center. The right image is a magnified area close to the boarder.
The laser beam in the green light spectrum is nearly completely passing through the TCO † and gets absorbed by the CdS and CIGS layer. A thin melting layer is created and the vapor pressure is building up which pushes the TCO out of the area against the beam propagation direction. As stated above re-melted CIGS material can be conductive and fail the isolation purpose of the P3 scribe. However, beneficial process management can reduce this effect and produces P3 scribes with sufficient isolation resistance. Our investigations show that single pulse lift-off processes below 50 ps does not contribute to electrical conductivity. In contrast pulse lengths above 10 ns support the enrichment of CuSe in the CIGS compound and become with longer pulse length more and more conductive, see also P. O. Westin. Figure 15 . Similar TCO lift-off process result this time with 30 ps at 532 nm. On the left a pulse-by-pulse lift-off created a regular trench with clean boarders and some melting residue in the spot center. The right image is a magnified area close to the boarder. The distance between the melted material and the border is slightly larger.
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A detailed investigation of the edge of the created trenches shows a clean, brittle broken edge lacking the existence of melted material. In fact, the melting is starting in the trench a few micrometers away from the edge. † Measured optical properties of the ZnO layer yielded the following absorption properties: 89 % at 266 nm, 38 % at 355 nm and <1 % for 532 nm, 1064 nm and 1550 nm. No isolation losses could be detected implementing this process into the final test modules. However, whether the molten CIGS in the trench already affects the electrical isolation has to be carefully investigated for the films of a specific manufacturer.
Functional Modules
The validation of successful laser processes in the making of thin film modules can mostly take place only after the full module is finalized. Only the P1 scribe can be tested right after the processing via microscopy (e.g. for burr, flaking, and melting) and via resistance measurements to ensure a full isolation of the single cells. All other laser processes can be evaluated using optical-or SE-microscopy but these are not always significant for cell and module performance. Only after finalizing the module the performance of the conductivity of a P2 scribe or the isolation of a P3 scribe can be determined.
After the full module is completed, the intrinsic cell connection can be tested. In our case a series of minimodules have been fabricated with a total size of 50 mm x 50 mm (Fig. 16) . The module area is framed yellow while one single cell is outlined in blue. Additional features, except the laser scribes, to ensure that the module can be tested properly are:
• a good connection to the back contact of the module
• a good connection to the front contact of the module
• and in addition to the back contacts for the test cells (bottom part of the image) which are covered with silver past. Mechanical scribes isolate the areas from each other.
The mini-module substrates were cut and Mo-coated at the EMPA Laboratory for Thin Films and Photovoltaics in Dübendorf, Switzerland. Subsequently, the samples were scribed with a laser system at Bern University of Applied Science and sent back for the next thin film deposition process step. They went back and forth until finished and after completion, the samples were tested and microscopically and electrically analyzed. These laboratory conditions are not the optimum environment to produce a product that usually needs clean room conditions without excessive handling and manipulation.
The laser parameters selected for patterning the functional mini-modules are presented in Table 2 . All P1 scribes were made from the substrate side. For P2 and P3 scribes, the laser illuminated the layer-side of the substrate. For P1 and P3 the best nanosecond process was used on one mini-module for comparison. All patterning was done by means of a high precision X-Y motion system where the sample was moved across the focus of the laser beam.
Optical Analysis
Optical analysis during the complete manufacturing process showed high quality of the single scribing processes.
The results for laser scribing processes are depicted in Fig. 17 (ns left and ps right). Both images where taken after scribing P3. The isolation scribe P1 is completely covered by the subsequent coatings while the P2 and P3 scribe areas are clearly visible. A more detailed view on the single processes is given in Fig. 18 . 
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Due to the reduced trench width ‡ in all processes between 20 µm and 30 µm it is possible to converge the three scribes and therefore minimize the overall width and DZ. The distance between the scribes could be reduced to 70 µm. Combining the results of all three scribing processes implementing the reliability and controllability of the laser method, a total DZ of less than 200 µm was achieved as shown in Fig. 19 . A further optimization could result in an even smaller DZ since there is still ample space between the scribing lines. If necessary it is even possible to partial overlap P2 with the P3 scribe without losing the electrical integrity. A further reduction of the dead zone width by 40 % could be achieved without any change in the beam parameters. This would lead to less than 2 % dead area on a full module. All scribing processes have been realized with process parameters that enable the use of fiber guided lasers either with picosecond or nanosecond sources. This makes the realization of a fast and reliable production with large area laser processing possible.
Electrical Analysis
The functional solar modules were analyzed by means of illuminated current voltage (IV) characteristics. The IV measurements were accomplished according to the international standard IEC 60904-1 under standard test conditions with AM1.5G irradiation spectrum and 1000 W m 2 irradiation intensity. The devices under test were kept at constant temperature of 25
• C during measurement.
The first important result was that all modules we produced were functional. A comprehensive measure for the electrical quality of the interconnections can be obtained by comparing solar cell with solar module performance. Some loss is observed in the short circuit current density (7 % relative) and in the fill factor (10 % relative) which originates from the area contact resistance losses. This leads to 16 % (relative) lower efficiency of the module compared to the test cells. This evaluation would be even more favorable for module 3 where a substantially lower dead area fraction was realized due to the scribe-to-scribe distance reduction from 150 µm to 70 µm. ‡ Compared to the standard needle scribing width of ∼ 70 µm 
COMMERICAL ASPECTS
Today, the market share of thin film solar modules based on CIGS technology is still small compared to the more established technologies such as Silicon (a-Si/µm-Si) or Cadmium Telluride (CdTe). However, large investors and multinationals are making major investments as CIGS proves to be a technology with potentially high-energy conversion efficiency. Furthermore, production and cost optimizations continue to support this trend and the all laser scribing process can make a significant contribution for further advancements.
High Yield, high productivity and low Capex add the most to a competitive Cost of Ownership (CoO) for a laser scribing process. First, improved yield is achieved with more stable scribing lines (uncontrolled breakouts as seen from the mechanical scribing needles are absent) and the use of high precision motion systems provides additional accuracy. Second, multiple beam optics and/or the use of multiple fiber delivered laser beams allows highest productivity. Finally, it is an important fact that today's short or ultra-short pulsed lasers provide possible solutions for all laser processes (Mo/CIGS/ZnO) enabling more potential to reduce the Capex of laser equipment. Laser patterning systems are significant cost contributors for thin film production equipment. Therefore, the cost reductions in laser processes, or, less expensive solutions such as ns-pulsed lasers, are most desirable, as they would help to reduce the CoO. This paper proves that the use of an all laser scribing process for CIGS can provide DZ of less than 200 µm. DZ reductions do have a direct impact on the energy conversion efficiency. Every 1 % increase of the active area § on a 1.4 m 2 substrate can increase the overall energy output by one or more Watts, hence, creating directly additional revenue. Altogether, a CIGS production with an all laser scribing process provides multiple potentials to reduce the cost of CIGS modules and creates additional revenue for the module producer.
CONCLUSION
With this work, we could show that there is more than one solution to manufacture an all laser scribed CIGS module, with an overview given in Table 3 . We found that especially the picosecond pulsed laser processes produced high quality scribes. But also nanosecond laser as an alternative processes were found for P1 and P3. Especially for P3, the nanosecond approach could be an interesting option. The good scribe quality resulted in a very good electrical performance of the interconnections on the functional mini-modules. A difference of only 6 percent in the short circuit current density between 8 cell module and the sub cells underline this good result. We could show that the scribe-to-scribe distance can be reduced to 70 µm without any negative effect § DZ enveloped area subtracted from the total substrate area Table 3 . Possible laser processes in relation to the implemented laser sources. on the scribe quality. The resulting dead zone width of < 200 µm was realized on an entire mini-module. To ensure an effortless transition from the lab to an industrial processing system it is advantageous to be able to deliver the laser beam through a fiber. Combined with a desired wavelength between 532 nm to 1064 nm and a pulse length between 30 ps to 50 ps the Katana HP is a good fit for this processing. However, depending on the coating technology it is possible to process all three scribes with a nanosecond laser system which is still a more cost effective solution.
Process
Today the scribing processes for P2 and P3 are bound to a mechanical needle process. With increasing pressure towards higher module efficiency, fast and flexible production capability, and higher production up time, it will be difficult to continue to justify the use of mechanical scraping. The biggest concerns regarding the laser processes are towards long term influences on the modules performance. This has to be addressed and it will be part of a future work.
